Introduction
Electrophoresis and ultra-centrifugation are widely used as effective separation methods of bio-molecules and cell composites. 1, 2 These methods utilize an electric field and a gravitational field, respectively. There are some other external fields, such as electromagnetic field and magnetic field, that might be utilized for the separation of micro-particles. However, the effects of these external fields on the transport of micro-particles are less understood in comparison with those of an electric field and a gravitational field in the discipline of analytical separation sciences.
In the present study, we investigated the effect of a nonuniform magnetic field on the behavior of micro-particles (polystyrene latex) dispersed in a paramagnetic metal ion solution. We have observed the specific migration behavior of single polystyrene particles in manganese(II) chloride solution in a silica capillary, when they were introduced into the narrow space (400 µm) of a pair of small Nd-Fe-B magnets (0.4 T). Around the edge of the paired magnets, the particles in the capillary migrated in a specific manner; the direction and the velocity changed remarkably depending on the distance from the edge of the magnets along the capillary. From the relationship between the migration velocity and the magnetic field profile, we found that the migration of the particles was governed by the magnetophoretic buoyancy exerted on the particles. It was also found that the small magnets could generate a high magnetophoretic intensity (400 T 2 m -1 ) as indicated by the product of magnetic flux density, B, and its gradient, dB/dx. The value was comparable with that produced by a super conducting magnet of 8 -10 T. 3 From the migration velocity of particles, we could experimentally determine the profile of B(dB/dx) along the capillary axis with the resolution of about 10 µm.
Recently, a separation method of particles using a magnetic field named, split-flow thin fractionation, has been reported. 4, 5 In this method, magnetically susceptible particles could be fractionated by a nonuniform magnetic field. However, there was no observation on the behavior of a single microparticle. We investigated the behavior of a single diamagnetic particle in paramagnetic aqueous media in a micro-capillary sandwiched by a pair of small magnets.
Experimental
The diameters of the polystyrene latex particles used in the experiments were 1.53 ± 0.06 µm, 2.77 ± 0.15 µm, 5.87 ± 0.40 µm and 9.14 ± 0.71 µm. The polystyrene particles were purchased from Funakoshi (Tokyo, Japan). The electrolyte solution was 0.6 M MnCl2, the density being nearly equal to that of polystyrene particles. Manganese(II) chloride was GR reagent of Katayama Kagaku and was used without further purification. The magnetic susceptibility of the solution per unit volume was determined as 1.01 × 10 -4 with a magnetic balance (Sherwood Scientific LTD, MSB-AUTO). It was much larger than that of the polystyrene particles: -8.21 × 10 -6 . The square fused silica capillary (Polymicro Technologies, Phoenix, USA) had 100 µm × 100 µm inner section, 300 µm × 300 µm outer section and was 10 cm long. The sample solution was introduced into this capillary and both ends of the capillary were closed by vacuum grease.
Magnetic field was generated by a pair of Nd-Fe-B magnets (NEOMAX, Sumitomo Special Metals, Japan). The size of the magnet was 17 mm × 19 mm × 3 mm. An aluminum spacer kept the gap between two magnets at the distance of 400 µm. Figure 1 shows a diagram of the experimental setup. The xcoordinate was defined along the capillary and the edge of the magnets was set as x = 0 (Fig. 1 ). This configuration of the magnets was found to generate a large magnetic field gradient along x-axis around both ends of the magnets. An optical microscope (Chuo Seiki, Japan) with a CCD camera (CN42H, ELMO, Japan) attached was used to observe the migration behavior of particles in the range of -1600 µm < x < 2400 µm. The velocity of a particle at a given position was determined from the time that the particle migrated for ±15 µm from the initial position. Figure 2 shows the migration behavior of 6 µm polystyrene particles in the capillary inside and outside the edge of the magnets. When the capillary was inserted into the gap, the particles, which were initially dispersed randomly in the capillary, moved in the forward or the reverse direction depending on their initial position. The particles near the edge gathered at a specific position close to the edge. Contrary to this behavior, the particles positioned initially far from the edge moved away from the edge (x = 0). It was also noted that the particles moved along the center axis of the capillary. In Fig. 3 , the velocities of the particles are plotted against x coordinate. The sign of the velocities depended on the region on x coordinate; small and negative in x < -900 µm, positive in -900 µm < x < -20 µm, large and negative in -20 µm < x < 900 µm and small and positive in 900 µm < x. Particles gathered at the position of x = -20 µm. A larger particle showed a higher migration velocity, whether the sign of the velocity is negative or positive.
Results and Discussion
These experimental observations were analyzed by considering the forces acting on the particles and the medium. In a nonuniform magnetic field, a particle in a solution experiences two types of forces: one is a magnetic force working on a particle itself, Fp, and another is a magnetophoretic buoyancy, -Ff, which has the same magnitude to the magnetic force acting on the medium with the same volume to the particle, Ff. Figure 4 represents schematically these forces exerted on a polystyrene particle in a paramagnetic solution. Therefore, the total force working on a particle, Fm, can be expressed as
where V is the volume of the spherical particle (m 3 ), χp and χf are the respective magnetic susceptibilities per unit volume of particle and fluid, µ0 is the vacuum magnetic permeability (N s 2 C -2 ) and dB/dx is the gradient of magnetic flux density (N A -1 m -2 or T m -1 ). Acceleration and mass of the particle are so small in our system that migration is generated on keeping a balance between the magnetic force, Fm, and the viscous force,
Fν, which is expressed by Stokes' law:
where η is the fluid viscosity (Pas) and r is the spherical particle radius (m). Then, using Eqs. (1) and (2), we can derive the migration velocity ν of a spherical particle as
Equation (3) indicates that the velocity ν will be proportional to (χp -χf), r 2 and BdB/dx. The experimental result that the larger particle had a higher migration velocity can be explained by Eq. (3). Actually the maximum velocities in Fig. 3 increased nearly proportionally to r 2 of the particles. The direction of migration must be attributable to the sign of BdB/dx in Eq. (3), since the other parameters were independent of the x coordinate. The magnetic susceptibility of the MnCl2 solution was large and positive and that of the particle was small and negative. Therefore, the sign of (χp -χf) was always negative in the present system. This is the reason why the sign of the velocity is always reverse to the sign of BdB/dx. In other words, this situation is explainable by introducing the term of magnetophoretic buoyancy (see Fig. 4) ; the manganese chloride solution with higher magnetic susceptibility is strongly attracted to the direction of a larger BdB/dx, and then the particle is pushed away to the reverse direction to the force exerted on the medium.
As a help of understanding the phenomena in the present system, we estimated the magnetic field profile around the edge of the pair of magnets by SUPER MOMENT software. 6 In Fig.  5 , the profiles of magnetic flux density, B, and the gradient, dB/dx, are shown as a function of x. The direction or sign of the
ANALYTICAL SCIENCES OCTOBER 2001, VOL. 17 force exerted on the solution, which coincides to the sign of BdB/dx, is found to be positive and small in the region of (A), negative in (B), positive and largest in (C) and negative and small in (D). These profiles are corresponding well to those of the experimental results shown in Fig. 3 . From Figs. 3 and 5, it is found that the particles migrate with the sign opposed to that of BdB/dx. It is also understood that the particles are accumulated at the point of B = 0. The behavior outlined in Fig. 5 well explained the experimental results. But the simulation can only show the estimated value of the magnetic-field strength under some hypothetical conditions. Alternatively, we determined the value of BdB/dx from the experimentally observed velocities by using Eq. (3). In the calculation, we used µ0 = 4π × 10 -7 (N s 2 C -2 ) and η = 1.116 × 10 -3 (Pas) at 25˚C which was determined in this study. The values of BdB/dx were plotted against x (Fig. 6) . The profile of BdB/dx was in good agreement with that of the simulated one, although the maximum values undesirably varied about 20% with the size of the particle. This may be attributable to some uncertainty in the value of the radius of polystyrene. At any rate, it was proved that we could determine the magnetic field profile in the micro-meter region from the measurements of the magnetophoretic velocity of microparticles. This kind of measurement of BdB/dx has been done only by the present technique.
In the field of bio-analytical chemistry, there is increasing interest in the separation of bio-micro-particles. 7 The magnetophoretic velocity observed in the present study would provide a new principle for the development of an analytical separation method of a single bio-particle such as DNA, a protein and a blood cell. 1235 ANALYTICAL SCIENCES OCTOBER 2001, VOL. 17 Fig. 3 Variation of the migration velocity near the edge of the magnets with the position of the particle on the x-coordinate. Positive x-coordinate was defined in the direction of the inside of the space. Fig. 4 Schematic explanation of the origin of the magnetic buoyancy, which is the net force of Fp -Ff. When the magnetic force on the particle is negligibly small as in the case of polystyrene particle, the magnetic buoyancy acting on the particle is actually -Ff. 
